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ABSTRACT 


The  study  of  sodium  transport  in  isolated  ileum  from  51  irradiated  rabbits  reveals 
no  decrease  in  short-circuit  current  (Iw)  from  4  to  216  hours  after  exposure  to  1.2  kR 
and  from  4  to  50  hours  after  exposure  to  2.0  kR  from  a  Co*4  source.  Separate  prepara¬ 
tions  of  adjacent  sections  of  terminal  ileum  received  simultaneous  additions  of  either 
10  raM.  D-glucose  or  10  mU.  L-alanine  to  mucosa  and  serosa.  A  normal  response  in  IK 
was  obtained  in  the  1.2  kR  group,  and  a  large  increase  in  I„  response  was  observed 
in  the  2.0  kR  group  after  glucose  addition.  Evidence  is  presented  that  the  “sodium 
pump"  is  not  blocked  after  1.2  kR  and  2.0  kR  doses  of  gamma  irradiation  in  isolated 
rabbit  ileum  within  these  time  intervals. 


SODIUM  TRANSPORT  III  (SOUTHS  ILEUM  FROM  COBALT-60 

mmm  rabbits 


I.  INTRODUCTION 

The  marked  radiosensitivity  of  the  intestine 
has  been  described  by  Krause  and  Ziegler  (7? 
and  later  by  other  investigators  (6,  12,  13,  21). 
Radiation  death  occurs  in  experimental  animals 
after  exposure  to  single  doses  of  1,000  to  10,000 
R  administered  to  the  whole  body,  abdomen,  or 
to  the  exteriorized  intestine  per  se.  Histologi¬ 
cally,  Pierce  (11)  has  shown  by  studies  of  serial 
sacrifices  that  the  intestinal  mucosa  exhibits 
progressive  deterioration  after  irradiation  and 
that  the  lining  of  the  intestine  has  been  com¬ 
pletely  denuded  of  epithelial  cells  by  the  4th 
day  after  exposure.  Thomson  (20)  has  ob¬ 
served  that  the  destruction  of  the  absorptive 
surfaces  of  the  intestine  means  that  assimila¬ 
tion  of  sugars,  amino  acids,  vitamins,  and  min¬ 
erals  will  be  vastly  decreased.  Empirically,  a 
decreased  absorption  has  been  observed  by  sev¬ 
eral  authors  (4,  5.  9).  Increased  uptake  of 
Na*‘  has  been  reported  by  Rothenberg  (14)  in 
irradiated  squid  axons.  Bacq  and  Alexander 
(2)  account  for  the  damage  that  occurs  in  the 
irradiated  central  nervous  system  by  an  in¬ 
creased  potassium  concentration  in  the  serum 
that  is  produced  by  a  blocked  "sodium  pump.” 
Anderson  and  Ussing  (1)  have  shown  that 
moat,  if  not  all,  the  current  generated  by  a 
short-circuited,  in  vitro  preparation  may  be  at¬ 
tributed  to  the  active  transport  of  sodium  in 
frog  skin,  guinea  pig  cecum,  and  toad  colon.  In 
a  series  of  studies  in  this  laboratory  on  isolated 
rabbit  ileum,  Schultx  and  Zaiusky  used  this 
technic  to  describe  the  normal  transport  of 
aodiiyn  kms  with  Na*9  and  Na:*  labels  (15), 
giucoee  (16),  chloride  ions  (17),  and  amino 
acids  (18)  in  nonlrradUted’rabbits. 

In  this  preliminary  study  of  sodium  flux, 
rabbits  were  exposed  to  acute  whole-body  doses 


of  gamma  radiation.  The  short-circuit  current 
and  the  transmural  potential  difference  were 
measured  in  isolated  rabbit  ileum  before  and 
after  the  simultaneous  addition  of  L-alartine  and 
D-glucose  to  the  mucosa  and  serosa. 

II.  METHODS 

Sixty-two  New  Zealand  while  rabbits,  weigh¬ 
ing  approximately  2  to  3  kg.  each,  were  quaran¬ 
tined  for  2  weeks  and  fed  rabbit  chow  and  water 
ad  libitum.  The  healthy  animals  were  divided 
into  3  groups  at  random.  A  group  of  37  rabbits 
and  another  group  of  14  rabbits  each  received 
a  whole-body  dose  of  1.2  kR  and  2.0  kR  of  radi- 

>n,  respectively,  from  a  7,000  c.  Co1"’  source. 
The  dose  rate  was  determined  by  Victoreen  ion 
chambers  and  Victoreen  rate  meter.  The  dose 
rate  was  100  R/minute.  Seven  normal,  non- 
irradiated  rabbits  from  the  group  were  held  as 
controls  and  sacrificed  at  equal  intervals  dur¬ 
ing  the  experiment.  Three  animals  were  found 
dead  in  their  cage*  during  ihc  first  24  hours 
after  irradiation  and  were  lost  for  experimen¬ 
tation.  The  remainder  of  the  rabbits  in  each 
group  were  sacrificed,  and  the  iljum  was 
studied  by  the  short-circuit  technic.  The  2.0 
kR  doee  group  was  studied  at  intervals  of  4.  29, 
and  50  hours.  The  1.2  kR  dose  group  was 
studied  at  intervals  of  51, 76, 103, 126. 170, 196, 
and  216  hours  after  irradiation.  At  least  4 
animals  were  used  to  determine  the  level  of 
response  at  each  interval. 

Aftc-  anesthetization  of  the  animal  by  the 
intravenous  (I.V.)  administration  of  Nembu¬ 
tal,  the  rabbit  abdomen  was  opened,  and  the 
terminal  5  cm.  of  Ueum  were  excised  and  rapid¬ 
ly  opened  by  cutting  along  the  mesenteric 
border.  The  exposed  mucoaal  surface  was 
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FIGURE  1 

Response  of  I*,  m  nonirradiatcd  isolated  rabbit 
ileum  with  the  addition  of  10  mM.  o-glueose  or 
L -alanine. 


washed  free  of  intestinal  contents,  and  the  ex¬ 
cised  section  of  ileum  was  divided  into  two 
parts.  Each  adjacent  section  was  clamped  be¬ 
tween  Lucite  chambers  and  mounted  in  two 
similar  perfusion  systems  (1)  that  were  de¬ 
signed  to  measure  the  transmural  potential 
difference  (P.D.)  and  the  short-circuit  current 
(Ur).  In  each  chamber,  perfusion  and  aeration 
of  each  surface  were  accomplished  by  means  of 
a  water- jacketed,  gas-lift  pump  that  contained 
a  bathing  medium  and  a  95%  oxygen  and  a  5% 
carbon  dioxide  gas  mixture.  The  bathing 
medium  contained  137  mM.  sodium  chloride, 
5.0  mM.  potassium  chloride,  2.5  mM.  calcium 
chloride,  2.2  mM.  magnesium  chloride,  1.1  mM. 
sodium  phosphate  (dibasic),  0.2  mM.  potassium 
phosphate  (monobasic),  and  2.5  mM.  bicarbon¬ 
ate.  The  solutions  were  maintained  at  37°  C. 
by  a  constant  temperature  drculathg  pump 
(2  liters/min.)  attached  to  water  jackets  that 
encompassed  the  gas-lift  pump.  After  the 
technic  was  established  with  normal  animals, 
61  experiments  were  conducted  in  which  either 


10  mM.  L-alanine  or  10  mM.  D-glucose  were 
simultaneously  added  to  the  media  in  each 
separate  reservoir,  bathing  both  the  mucosa 
and  serosa  of  the  mounted  tissue.  The  L-alanine 
and  the  D-glucose  were  added  to  two  different 
systems  that  contain  mounts  of  adjacent  strips 
of  ileum  and  were  not  mixed  in  the  same  per¬ 
fusion  medium  during  an  experiment.  Approxi¬ 
mately  3  or  4  minutes  were  required  to  mount 
both  sections  of  ileum.  A  period  of  approxi¬ 
mately  10  minutes  was  allowed  for  the  I*  to 
reach  a  stable  value  before  the  additions  were 
made  to  the  media.  Both  the  transmural  I* 
and  the  P.D.  were  measured  at  2-minutc  inter¬ 
vals  and  recorded. 


III.  RESULTS 

In  both  dose  groups  of  1.2  kR  and  2.0  kR  the 
rabbits  exhibited  the  characteristic  signs  of  the 
acute  radiation  syndrome.  Within  3  days  after 
exposure  most  of  the  irradiated  rabbits  had 
signs  of  dia**rhea,  anorexia,  injection  in  the 
exterior  tissues  of  the  eye,  and  ischemia  in  the 
vascular  beds  of  both  ears.  Spotty  ulceration 
and  hemorrhage  were  observed  in  the  small  and 
large  intestines  in  both  dose  groups.  No  macro¬ 
scopic  ulceration  was  observed  in  the  mounted 
sections  (5  cm.)  of  terminal  ileum.  Serial  sec¬ 
tions  of  terminal  ileum  from  each  dose  group 
and  control  group  were  examined  microscopi¬ 
cally,  and  no  loss  of  mucosal  lining  was  ob¬ 
served  in  the  irradiated  rabbit  ileum  After 
1,200  R,  atrophy  was  exhibited  by  the  epithelial 
ceils  of  the  ileum.  Swelling  and  an  increase  in 
number  of  mucous  cells  were  observed  in  the 
sections  from  the  2,000  R  group.  No  attempt 
was  made  to  select  undamaged  sections  of  in¬ 
testine.  With  the  exception  of  the  3  animals 
that  died  on  the  day  of  exposure,  all  animals 
liveu  until  the  time  of  sacrifice.  No  morbidity 
was  observed  in  the  controls  during  the  ex¬ 
periment. 

In  figure  1,  measurements  of  the  U  before 
and  after  stimulation  with  glucose  and  alanine 
in  the  normal  rabbit  ileum  compared  favorably 
with  those  previously  reported  by  Schultz  and 
Zalusky  (16,  18)  for  fhis  preparation.  All  the 
curves  in  the  S  teat  groups  were  similar  to 


2 


4  Hr  POST  2Kr 


l2Kr 


2  4  6  8  10  12  14  16 
MIN  AFTER  MOUNT 


FIGURE  t 
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normal  response  curvet,  but  differed  in  dis¬ 
placement  if  not  in  shape  with  the  increase  in 
doe*. 

Figure  2  it  a  summary  of  the  I*  at  all  the 
intervals  of  time  after  exposure  from  SO  to  216 
hours  after  irradiation  in  the  1.2  kR  group.  No 
tboormai  curves  were  observed  in  3  rabbits 
sacrificed  during  the  first  50  hours  after  expo- 
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FIGURE  3 

Tkt  effect  of  glucote  and  alanine  addition  on  I  in 
adjacent  teetivns  of  rabbit  ileum  4  hourt  after  a  whole- 
body  Co""  irradiation  dote  of  t  kR. 


sure  to  1.2  kR.  In  figure  2,  the  values  for  all 
the  1.2  kR  irradiated  rabbits  are  summarized 
without  :  jgard  to  the  time  of  sample.  No  sig¬ 
nificant  difference  was  observed  between  the 
samples  taken  from  50  to  216  hours  after 
exposure  to  12  kR.  The  response  curves  for 
the  1.2  kR  dose  group  display  a  4.2%  increase 
for  glucose  stimulation  and  a  28.291  decrease 
for  alanine  stimulation  of  the  intestine. 

Figures  3,  4,  and  5  trace  the  effect  of  glu¬ 
cose  and  alanine  on  sodium  transport  in  2.0  kR 
irradiated  rabbit  intestine.  The  initial,  stable, 
and  maximum  values  are  the  L  values  taken 
from  the  response  curves  at  2,  10,  and  11  min 
utes,  respectively.  None  of  the  curves  are  sig¬ 
nificantly  different  in  shape  from  the  normal 
controls.  Sodium  transport  in  term*  of  the  I. 
is  normal  in  isolated  rabbit  ileum  that  has  re¬ 
ceived  1.2  kR  and  increased  in  the  2.0  kR  ex¬ 
posure  group  after  glucose  addition. 

The  stimulation  of  the  intestinal  transport 
of  sodium  by  10  mM.  glucose  and  10  mil.  alan¬ 
ine  in  the  2.0  kR  doee  group  is  recorded  in 
figure  C.  Since  the  initial  and  stable  value*  for 
the  L.  increased  after  irradiation,  the  values 
for  the  maximum  response  in  L,  are  repre¬ 
sented  as  differences  in  percentage  from  the 
control. 
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FIGURE  4 


The  effect  of  gtuevoe  amt  alanine  addition  on  /„.  m 
adjacent  tect unu  of  rabbit  ileum  tt  koart  after  a 
uholf-Kodt  Co**  irradiation  done  of  t  kR. 
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The  effect  of  gluten*  ami  nlanimt  addition  on  /„  «■ 
adjacent  aottiaao  of  rohhi*  Roam  M  boon  after  a 
whole  bodg  Co—  irradiation  dooe  of  i  U. 


FIGURE  6 

Percent  change  in  iM,  max.  an  a  function  of  time 
after  i  kR  irradiation. 


Glucose- sodium  transport  increases  linearly 
to  a  high  value  of  1*2 V<  above  normal  at  50 
hours  after  exposure  to  2.0  kR.  Fluxes  after 
alanine  addition  are  below  normal  in  isolated 
rabbit  ileum  at  4,  29,  and  50  hours  after  2.0  kR 
irradiation. 


IV.  DISCISSION 

It  is  difficult,  if  not  impossible,  to  reconcile 
these  data  with  the  statement  that  the  "sodium 
pump"  is  blocked  in  irradiated  rabbit  ileum. 
Loutit  (8)  has  emphasized  that  the  increase  in 
potassium  concentration  in  serum  after  large 
doaes  of  radiation  is  not  proof  that  the  inter¬ 
cellular  potassium  was  leached  out  of  the  cell 
by  a  blocked  "sodium  pump.’  Schultz  and 
Zalusky  (15)  have  shown  that  the  I.  is  directly 
related  to  the  sodium  flux  in  the  nornru  1  rabbit 
ileum.  In  this  study  of  irradiated  raboit  ileum, 
no  decrease  in  flux  was  observed  in  terms  of 
the  L,  in  glucose  stimulation  in  either  dose 
group.  At  1 2  kR  done  level  the  L,  responded 
normally  after  the  addi’kwn  of  glucose.  The 
alanine  response  level  in  the  12  kR  group  was 
depressed  below  the  normal  level  and  was  fur¬ 
ther  depressed  in  the  2.0  kR  dose  group  This 
apparent  difference  between  glucose  and  ala¬ 
nine  stimulation  in  I«  studies  may  be  reeolved 
by  the  use  of  labeled  components  in  a  similar 
experiment. 
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In  the  2.0  kR  group  of  irradiated  rabbits, 
gluccse-sodium  fluxes  increase  with  time  after 
irradiation  to  a  value  of  142rI  at  50  hours. 
Thompson  and  Steadman  (19)  have  shown  that 
blood  ,,uc  jse  levels  in  rabbits  have  increased 
40 7<  after  1.0  kR  and  90 7<  after  2.0  kR  doses 
of  irradiation.  Since  glycogenolysis  is  retarded 
after  irradiation  (10),  the  rabbit  ileum  may 
supply  appreciable  amounts  of  glucose  to  the 
rabbit  circulation  after  irradiation.  However, 
glucose  may  not  even  appear  in  the  normal  or 
irradiated  rabb't  ileum  in  vivo,  since  complete 
absorption  might  oc<  ur  in  the  upper  portions  of 
the  intestine. 

Although  these  animals  exhibited  gross  signs 
of  the  intestinal  syndrome  after  irradiation,  ex¬ 
tensive  damage  was  not  observed  throughout 
the  small  intestine  of  the  rabbits  during  the 
'’ay  studv  No  selection  of  sections  for  study 
-s  made  on  the  basis  ol  macroscopic  Oi  micro¬ 
scopic  integrity.  The  terminal  ileum  (5  cm.) 
was  mounted  i..  each  case.  The  fact  that  this 
area  of  the  intestine  in  rabbits  may  be  radio¬ 
resistant  cannot  be  excluded  in  these  experi¬ 
ments.  Quastler  ( 12)  has  noteu  that  the  function 
may  be  lost  in  a  tissue  without  apparent 
macroscopic  or  microscopic  damage  to  the  ir- 
’-adiated  mucosa.  In  these  experiments  the 
tissue  architecture  and  transport  function  re¬ 
mained  intact  after  exposure  to  1,200  and  2,000 
R  in  rabbit  ileum.  Since  the  exposure  dose 
was  accurately  controlled  by  two  different  sys¬ 
tems  of  dosimetry,  these  experiments  show 
that  a  1.200  R  dose  is  insufficient  to  induce  the 
loss  of  transport  function  or  the  loss  of  the 
intestinal  lining  in  the  rabbit  ileum  in  a  9-dav 
period  of  study  after  exposure. 


The  intestinal  death  in  the  radiation  syn¬ 
drome  has  been  reduced  substantially  in  dogs 
by  massive  electrolyte  replacement  (3).  These 
results  have  been  cited  as  evidence  that  the 
primary  cause  of  intestinal  death  after  irradia¬ 
tion  may  be  the  loss  of  salt  and  water.  Sodium 
transport  in  rabbit  ileum  is  normally  passi/e 
from  serosa  to  mucosa  in  the  intact  barrier 
(15).  Increased  sodium  transport  in  the  ir¬ 
radiated  ileum  or  in  other  sections  of  the  ali¬ 
mentary  tract,  by  itself,  will  net  produce  a 
positive  sodium  balance  if  the  permeability 
barrier  is  disturbed  by  ulceration  and  necrosis 
elsewhere.  In  practice,  the  intestinal  route  of 
glucose  and  electrolyte  therapy  might  provide 
additional  support  for  1.  radiated  subjects. 

V.  CONCLUSION 

Studies  of  sodium  transport  in  isolated  rab¬ 
bit  ileum  after  whole-bociy  exposures  to  1.2  kR 
and  2.0  kR  of  Co"’  irradiation  reveai  no  de¬ 
crease  in  short-circuit  current  from  4  to  216 
hours  after  exposure  in  the  1.200  R  dose  group. 
Stimulation  of  th  irradiated  intestine  with 
10  mM.  alanine  and  10  mM.  glucose  produces 
normal  responses  in  short-circuit  current  after 
1.2  kR  exposure  and  increases  in  the  I,,  response 
with  sugar  addition  after  2.0  kR.  Alanine 
addition  yields  decreased  L.  responses,  in¬ 
itially.  in  both  dose  groups.  At  50  hours  after 
2  kk  irradiation,  the  1.  approaches  a  normal 
value  for  the  alanine  group.  Evidence  is  pre¬ 
sented  in  this  preliminary  study  that  the 
"sodium  pump"  is  not  blocked  by  the  1.2  rind 
2.0  kR  doses  of  gamma  irradiation  in  isolated 
rabbit  ileum. 
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The  study  of  sodium  transport  in  isolated  ileum  from  51  irradiated  rabbits 
reveals  no  decrease  in  short-circuit  current  (IBC)  from  4  to  2l6  hours  after 
exposure  to  1.2  kR  and  from  4  to  50  hours  after  exposure  to  2.0  kR  from  a  Co60 
source.  Separate  preparations  of  adjacent  sections  of  terminal  ileum  received 
simultaneous  additions  of  either  10  mM.  p-glucose  or  10  mM.  L -alanine  to  mucosa 
and  serosa.  A  normal  response  in  I8C  was  obtained  in  tho  1.2  kR  group,  and  a 
large  increase  in  Iac  response  vas  observed  in  the  2,0  kR  group  after  glucose 
addition.  Evidence  is  presented  that  the  "sodium  pump"  is  not  blocked  after 
1.2  kR  and  2.0  kR  doses  of  gamma  irradiation  in  isolated  rabbit  ileum  vlthin 
these  time  intervals. 
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